Summary. The 1998 El Niño significantly reduced garden productivity in the Upper Orinoco region in Venezuela. Consequently, parents were forced to allocate food carefully to their children. Nutrition data collected from village children combined with genealogical data allowed the determination of which children suffered most, and whether the patterns of food distribution accorded with predictions from parental investment theory. For boys, three social variables accounted for over 70% of the variance in subcutaneous fat after controlling for age: number of siblings, age of the mother's youngest child, and whether the mother was the senior or junior co-wife, or was married monogamously. These results accord well with parental investment theory. Parents experiencing food stress faced a trade-off between quantity and quality, and between investing in younger versus older offspring. In addition, boys with access to more paternal investment (i.e. no stepmother) were better nourished. These variables did not account for any of the variance in female nutrition. Girls' nutrition was associated with the size of their patrilineage and the number of non-relatives in the village, suggesting that lineage politics may have played a role. An apparent lack of relationship between orphan status and nutrition is also interesting, given that orphans suffered high rates of skin flea infections. The large number of orphans being cared for by only two grandparents suggests that grooming time may have been the resource in short supply.
Introduction
A number of evolution-minded researchers have argued that when food, time or other resources are constrained, parents will invest these resources differently in different offspring depending on the offspring's sex, age, health and relatedness to the parent (Clutton-Brock, 1991; Daly & Wilson, 1984 , 1988 Hrdy, 1992; Trivers, 1972 Trivers, , 1974 . This argument forms an important facet of what is usually referred to as parental investment (PI) theory, a subset of life history theory.
To test the hypothesis that parents experiencing resource constraints will invest differentially in offspring, and that the patterns of investment accord with PI theory, a number of health, nutrition and social variables were measured for all children between the ages of 5 and 15 living in a Yanomamö village on the Upper Orinoco River in southern Venezuela. The Yanomamö are Native American swidden horticulturists living in the tropical forests of southern Venezuela and northern Brazil.
They number approximately 15-20,000, and live in 200-250 widely scattered villages (Chagnon, 1992) . The study site, with 148 inhabitants, was a moderately large village. Data were collected during the summer of 1998.
According to local inhabitants, garden productivity in the Upper Orinoco region was significantly below normal at the time of the study, a fact that can be attributed to the El Niño weather conditions in [1997] [1998] . Colleagues in the region conducted several aerial surveys, and provided convincing photographic evidence that many local gardens had been damaged by heavy flooding. During the field season, there were numerous reports of food shortages in the Yanomamö and Ye'kwana communities along the river. Inhabitants of the study site reported that they were no longer suffering shortages, although they had been a few months earlier. During that time, village leaders travelled to local missions and military bases in search of food, and one leader with a government salary purchased food for the village. Informants also said that communities up-river were still having problems, although nobody was actually starving. Anthropometric data collected from the village children indicated that they may have suffered, and perhaps were still suffering nutritional stress. These data, in concert with genealogical information collected from village inhabitants, allowed determination of which children suffered most from the food shortages, and whether the patterns of food distribution accord with theoretical predictions from PI theory.
Parental investment theory
Parental investment (PI) theory is an aspect of life history theory (e.g. Alexander, 1974; Bateman, 1948; Clutton-Brock, 1991; Haig, 1990; Hrdy, 1977 Hrdy, , 1979 Kelly & Kennedy, 1993; Lessells, 1991; Mock & Parker, 1986; Stearns, 1992; Trivers, 1972 Trivers, , 1974 Trivers, , 1985 Trivers & Willard, 1973) . It has provided the evolutionary framework for nearly 20 years of research into parental investment in offspring for both humans (Betzig, Borgerhoff Mulder & Turke, 1988; Blurton Jones, 1989; Chisholm, 1993; Daly & Wilson, 1984 , 1988 Dickemann, 1979 Dickemann, , 1981 Draper & Harpending, 1982; Hagen, 1996 Hagen, , 1999 Haig, 1993; Hames, 1996; Hill & Kaplan, 1988; Hrdy, 1992; Lampert & Friedman, 1992; Voland, 1984) , and other species (the literature is huge; see Clutton-Brock (1991) , Roff (1992) and Stearns (1992) for recent syntheses).
To briefly review, life history theory posits that the ancestors of any species must have solved the problems of survival, growth and development on the one hand, and reproduction on the other. Because each of these problems is characterized by unique difficulties, and because time, energy and resources are finite, organisms must optimally allocate these commodities between somatic effort (growth and development, and maintenance of the organism) and reproductive effort (producing offspring 504 E. H. Hagen et al. who survive to reproductive age, or providing benefits to close relatives who themselves produce offspring).
Reproductive effort, in turn, should be optimally allocated between mating effort (locating and acquiring a mate), and parenting effort (e.g. gestation and raising of offspring) -what here is termed parental investment in order to be consistent with existing literature (see Clutton-Brock, 1991, p. 8 , for a discussion of terminology). Parental investment theory focuses on those aspects of an organism's life history that are specifically involved with producing and raising offspring.
Life history theorists assume that the physiological and behavioural characteristics of organisms represent an approximate solution to the problem of optimizing the allocation of time, energy and resources between somatic, mating and parenting effort. The particular solution will depend on the organism's environmental niche as well as its evolutionary history. In general, effort allocated to reproduction will decrease an organism's ability to survive, grow and develop. Conversely, effort allocated to survival, growth and development will decrease reproduction. Similarly, effort allocated to finding a mate will decrease an organism's ability to invest in offspring, whereas effort invested in offspring will reduce an organism's ability to acquire a mate. If parental investment can only occur at the expense of somatic or mating effort, then parents need to decide, based on cues from the current environment, whether it is more advantageous to invest finite resources in offspring and other kin, mates or themselves. Further, if investment in one offspring decreases the investment available to other offspring, parents should allocate resources in a manner that, in ancestral environments, would have increased their own inclusive fitness. A number of straightforward predictions follow from these assumptions, and it was possible to test several with the data available.
Previous research and study predictions
A number of studies have examined differential parental investment in humans. Proxy measures of investment in offspring or the lack thereof include rates of infanticide, homicide and abuse (e.g. Daly & Wilson, 1984 , 1988 , emotional attitudes towards as well as interactions with infants (e.g. Hagen, 1996 Hagen, , 1999 Mann, 1992) , patterns of wealth inheritance, including payments of bridewealth and dowry (e.g. Borgerhoff Mulder, 1995; Dickemann, 1981; Mace, 1998) , direct care (e.g. Betzig & Turke, 1986; Hewlett, 1991 ), educational investment (e.g. Borgerhoff Mulder, 1998 and birth weight and lactation (e.g. Gaulin & Robbins, 1991; Margulis, Altmann & Ober, 1993; San Jose, Braza & Casanova, 1997) .
This study included two proxy measures of parental investment: (1) the triceps skinfold thicknesses of all children aged 5-15 years, an index of nutrition; and (2) the degree of ectoparasite load suffered by these same children, an index of health (more on these measures below). The dataset also included information on garden size and soil quality, the owner of the garden and a complete genealogy of the village. Predictions were derived from a straightforward application of PI theory to this dataset.
A foundational assumption of PI theory is that offspring production is constrained by resources: large families require more food. Because plantain and manioc gardens were the major source of calories at the study site, large family sizes should be associated with large gardens. Chayanov was one of the first to consider the relationship between household size and household production, claiming, in brief, that there should be a positive relationship between the number of consumers and household production. Tests of Chayanov's theories have been many, and have generally found that the relationship between number of consumers and household productivity is positive, with correlation coefficients ranging from approximately 0·30 to 0·90 (see Chibnik, 1984 , for a cross-cultural examination of Chayanov's theories; see also Durrenberger, 1984) . These results accord well with PI theory, although they are derived from a different theoretical framework. The data allowed the examination of the correlation between family size and garden productivity, which is also predicted to be positive.
Another fundamental prediction of parental investment theory is that parents will experience a fitness trade-off between fewer, 'high quality' offspring, and more 'low quality' offspring (Lack, 1947) . The more children parents choose to have, the less they can invest in each. The optimal number of offspring will depend, in part, on the non-linear relationship between investment and viability. Blurton Jones (1986) tested this hypothesis with the !Kung, and found that the birth interval that led to the highest number of surviving offspring was also the most common birth interval in the population (although this result was later questioned: see Harpending (1994) , and Blurton Jones' reply (1994)).
In contrast, a series of careful, long-term studies of the Ache of Paraguay by Hill & Hurtado (1996) failed to detect the expected trade-off between offspring quantity and quality. High reproductive rates by adults had no negative impact on their subsequent survival or fertility, nor did they seem to affect the fertility of their children (cf. Pennington & Harpending, 1988) . Hill and Hurtado found no support for the notion that Ache parents who raise many children produce lower quality children than those parents who limit their reproductive output. They speculate that their failure to detect the expected reproductive trade-offs may stem from an inadequate assessment of collateral kin effects. High-fertility adults may be a resource drain on their relatives, who consequently have reduced fertility. Alternatively, reproductive trade-offs may only be apparent during times of stress, periods that were excluded from their analyses. The current study was able to examine the quantity/ quality trade-off hypothesis during a period of resource stress, and is thus a test of one of Hill and Hurtado's alternative hypotheses.
There is a growing theoretical and empirical literature on the health and reproductive correlates of polygyny in both humans and other animals. The polygyny-threshold model (Orians, 1969; Verner & Willson, 1966) was an early and influential model first developed for birds, and later extended to humans (e.g. Borgerhoff Mulder, 1988; Josephson, 1993; cf. Becker, 1981) . Briefly, this model posits that because polygyny is always reproductively advantageous for males, its presence or absence will depend on whether or not it is advantageous for females. If there are marked differences in male mate quality (e.g. the levels of resources controlled by the male), females may benefit by mating with the highest quality males, even if these males are already mated and allocating resources to other females. On this view, mothers and their children in polygynous households will be dividing a larger pie, and 506
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should therefore not suffer nutritional or other deficits relative to mothers and children in monogamous households. By contrast, later models view polygyny as the consequence of male efforts to control females, to the detriment of both females and unmated males (e.g. Chisolm & Burbank, 1991; Davies, 1989; Downhower & Armitage, 1971; Irons, 1983) . The negative effects for females in these models are thought to result from a dilution of paternal investment, but may also be due to costs imposed by co-wives (see, e.g., Strassmann, 1997) . These later models are gaining increasing empirical support. For example, Strassmann (1997) found that polygyny among the Dogon (West African agriculturists) was correlated with high rates of child mortality: the odds of death for children in groups with high rates of polygyny were 7-11 times higher than for children in monogamous groups. Sellen (1999) similarly found that, among the Dotoga (a group of East African pastoralists), the children of first and second wives had poorer growth and nutrition than did children of other mothers. There have also been a number of studies examining the relationship between polygyny and fertility, but no clear picture has emerged (see Wood, 1994 , for a review).
A key difference between these models is the extent to which mothers and fathers -or, more precisely, their children -either benefit or suffer in polygynous matings. The data collected in this study allowed the testing of whether polygyny accounted for any variance in child nutrition and health under conditions of short-term food stress, and further, if it did, whether the 'costs' or 'benefits' of polygyny applied differently to mothers and fathers.
A trade-off also exists between investing in older versus younger offspring. Older children have higher reproductive value due to their demonstrable success in survival, growth and development, but are likely to survive even if investment is reduced. Younger children and newborns, on the other hand, have lower reproductive value due to high rates of mortality, but have little chance of survival without continual care and attention. Again, the optimal solution will depend, in part, on the precise (non-linear) relationship between allocation and fitness returns. During limited periods of resource stress, parents may favour investing in infants since older children can buffer shortterm deficits in parental care. Conversely, longer periods of stress may incline parents to invest in older children since infants are unlikely to survive in any case. Daly & Wilson (1984 , 1988 tested this latter proposition by looking at rates of child abuse and homicide committed by parents relative to the age of the child. They found that infants (who have lower intrinsic reproductive value) were far more likely than older children to be killed by parents, a pattern that differed markedly from child homicides committed by non-parents, even after accounting for rates of child exposure to parents versus non-parents. Because the current study was conducted during a period of short-term resource stress, it was possible to test whether parents invested in younger children at the expense of their older children under these conditions. Evolutionary theory predicts that parents will preferentially invest in their own biological offspring. Parents receive the greatest inclusive fitness benefits if they direct their investment towards their offspring as opposed to step-offspring, the children of siblings, the children of co-wives, or the children of other relatives and friends. This prediction has found surprisingly strong support in some studies. For example, Daly & Wilson (1984 , 1988 found that living with a step-parent is the most powerful risk Parental investment and child healthfactor for child abuse that has yet been identified, and, based on data collected in 1976, it increased an American child's risk of being killed a hundred-fold. Although there were few step-parents at the field site, there were a relatively large number of orphans, so it was possible to test whether orphan status accounted for any variance in child health or nutrition.
Parents may realize higher fitness payoffs by investing in females instead of males, or visa versa (Trivers & Willard, 1973) . In many species, including humans, male reproduction is both more variable in outcome than for females, and often incurs more costs from intrasexual competition for mates. Males with access to considerable resources can attract multiple mates and potentially sire hundreds of offspring, whereas males with few resources may be unable to attract a mate, and consequently sire no offspring. Females, on the other hand, are limited to a dozen or so offspring, but are very unlikely to go childless -sperm is cheap. Parents with fewer resources may take the safer bet and invest in daughters, while parents with substantial resources may choose to invest more in sons.
To give but a few examples of the many studies examining sex-biased parenting in humans, Borgerhoff Mulder (1998) found that poor Kipsigis families showed a greater concern for their daughters' education than did rich families. Gaulin & Robbins (1991) measured maternal investment (e.g. birth weight, interbirth interval and lactational commitment) among a sample of approximately 900 US mothers. Maternal condition was assessed by income and by the presence or absence of a co-resident adult male. Some measures of investment (five of fourteen statistical tests) showed marked and significant sex-by-condition interactions of the type and in the direction predicted by Trivers and Willard and none showed significant effects in the opposite direction. For reviews of the large but discrepant literature on sex-ratio see, for example, James (1987), Sieff (1990) and Cronk (1991) . Unfortunately, the design of this study provided little opportunity to identify sex-biased investment. The anthropometric measures of nutrition have distributions that inherently differ by sex, there was no measure of maternal condition, and the measure of paternal resources could not be assessed for all fathers in the study.
Methods

Subjects and measures
The study population consisted of all permanent inhabitants of a single Yanomamö village on the Upper Orinoco River in southern Venezuela in July 1998 (N=148). A complete census of the village was taken, and the age and parents of each individual inhabitant recorded. The results were cross-checked with several informants, and particular care was made to ensure that informants understood the difference between biological and classificatory parents. Care was also taken to identify biological siblings, especially those with deceased or absent parents who might inadvertently be assigned different ID codes. Informants were young adult Yanomamö males who spoke Spanish.
Anthropometric and health data were collected from all children in the village between the ages of 5 and 15 over a period of 2 days (21 males and fifteen females; 508 E. H. Hagen et al.
'four males and one female were orphans). Ages of most of the children were obtained from a list of birthdays kept by the village schoolteacher. Children not on this list were assigned the median of all ages offered by informants for that particular child. Thus, if two informants claimed a child was 12, while a third claimed she was 14, the child was assigned an age of 12.
Dependent variables: measures of nutrition and health
Two indices of nutrition and health were measured for each child: triceps skinfold thickness and skin ectoparasite load (see Table 1 for a list of dependent and independent variables examined in this study; see Tables 2 and 3 for descriptive statistics of these variables). Triceps skinfold thickness is a measure of skin and adipose tissue, and is thus an index of nutritional status. Triceps skinfold thickness has a reasonably strong correlation with body density (and thus with body fat). For example, in a careful study of the correlation between various skinfold thicknesses and body density in young adult males (Lohman, 1981) , the zero-order correlation of triceps skinfold thickness and body density was 0·78, compared with 0·85 for abdominal skinfold thickness and 0·51 for chest skinfold thickness; the best multi-site model developed in the study had a correlation coefficient of 0·90 with body density. A similar study of male children found the zero-order correlation of triceps skinfold thickness with body density to range from 0·73 to 0·81 (Sarría et al., 1998) . There is also evidence that the proportion of total body fat stored subcutaneously decreases as total body fat decreases (Allen et al., 1956; Durnin & Womersely, 1974; Edwards et al., 1955 , cited in Lohman, 1981 , increasing the sensitivity of skinfold measurements to variation in nutrition. Skinfold thicknesses also fluctuate rapidly in response to changes in nutritional intake (e.g. Mascarenhas, Zemel & Stalling, 1998) , making them an appropriate index to track changes in distributions of parental care during periods of short-term food stress, as opposed to, for example, height-for-age, a measure that is more appropriate for assessing growth, an index of long-term parental investment (see, e.g., Sellen, 1999). Weight-for-age, weight-for-height and body mass index would have been useful measures of both short-and long-term nutritional status and were part of the original study design; unfortunately, the digital scale malfunctioned, preventing collection of these data. Although food is distributed to children primarily by mothers among the Yanomamö (Hames, 1992) , the index of body fat cannot be used as a direct index of access to food because anthropometric status is also influenced by increased rates of nutrient utilization (as in many infectious diseases, e.g. diarrhoea), and/or impaired absorption or assimilation of, or access to, macro-and micro-nutrients (WHO, 1995) . However, it is a reasonably good index of parental care. Children with infections who receive more parental care (for example, continued feeding and/or visits to the local mission infirmary) are likely to suffer fewer nutritional deficits than those who receive less care. For example, in a randomized, controlled study of young Peruvian children with acute diarrhoea, those who received continued oral feeding with a 'full strength' formula had significantly greater increases in skinfold thickness (and other nutritional measures) than those receiving only glucose-electrolyte solution intravenously (Brown et al., 1988) . Among the Yanomamö, parents typically feed bananas and/or plantains to their children when they have diarrhoea, though some reduce feeding, a common pattern in rural communities. Although the prevalence of infectious disease among children was not systematically investigated, it was suspected that few were currently burdened by diarrhoea. The water supply at the field site was excellent, and no complaints of diarrhoea were heard, although researchers were constantly asked to treat other minor ailments. Also, children with access to more food would regain body fat faster after a bout of diarrhoea than those with access to less food. Thus, an index of body fat is considered a reasonable composite index of access to both food and to parental care during illness.
Triceps skinfold thickness was obtained according to WHO guidelines (WHO, 1995) . Specifically, the point of posterior aspect of the right upper arm midway between the lateral projection of the acromion process at the shoulder and the olecranon process of the ulna was determined to the nearest millimetre using a plastic tape-measure, and marked with a pen. The skinfold thickness was measured at this point over the triceps muscle using a pair of Slimglide skinfold calipers. Skinfold measurements typically have a non-normal distribution, so they were log-transformed prior to analysis. A Shapiro-Wilk test indicated that the resulting male and female distributions were not significantly different from a normal distribution.
Infections of sand fleas (Tunga penetrans) were endemic in the village, and the parasite often had to be removed daily. For children, removal frequently required the help of a parent. Based on an inspection of children's feet, by far the most common site of infection, children's ectoparasite loads were ranked as either low (0), moderate (1) or severe (2). Children's infections were ranked as severe if they had numerous open sores and disfigured toenails (where the egg mass is often laid), as moderate if they had few open sores but disfigured toenails, and as low if they had few or no obvious open sores and normal toenails.
All dependent variables above were obtained by a single researcher (EHH). Unfortunately, an unexpected change in plans prevented a subset of children from being re-measured in order to assess the reliability of the measures.
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Independent variables: access to resources With the exception of garden productivity, all independent variables used to test the study predictions were derived from the village genealogy (see Table 1 ). To assess access to food, every garden was visited with a single informant who identified the owner, and who ranked the size as small (1), medium (2) or large (3), and the soil quality as poor (1), medium (2) or good (3). A garden productivity score for each head-of-family (i.e. the father, n=23) was computed by multiplying the garden size by the soil quality, and summing over all gardens owned. At the time of the survey, one garden owner had just started a new garden. Because this garden was not yet productive, he was assigned the productivity score of his original garden.
Yanomamö society is organized by kinship, and patrilineages are the major political units. To test whether non-nuclear family variables accounted for any variance in the dependent measures, two additional categories of variables were derived from the village genealogy and used in post-hoc analyses: patrilineage size and average degree of relatedness.
The Yanomamö have a patrilineal form of social organization, and large patrilineages are generally able to out-compete smaller ones for access to resources (Chagnon, 1992) . Patrilineage size is therefore a proxy measure of the political power of supra-family groupings in the village, and children -or particular categories of children -may benefit by belonging to a large patrilineage. All children might benefit if large patrilineages had higher per capita access to resources. Alternatively, alliances between patrilineages involve the exchange of marriageable females, so older girls might benefit in view of the important role they play in inter-lineage politics.
Patrilineage size was calculated in the following manner: all village inhabitants (male and female) who were direct descendants of a deceased male (who himself had no living male ancestors in the village) were counted as belonging to a single patrilineage. This calculation of patrilineage size has some notable characteristics. Most important, patrilineage size was village specific. Individuals who had large numbers of patrilineal relatives living in other villages had a patrilineage size of '1' if none of these relatives lived at the study site. The most frequent examples of this were women who had married into village families, and sons-in-law performing bride service. In addition, because genealogical relationships between deceased individuals were not determined, individuals belonging to the same patrilineage might be assigned to different patrilineages. For example, if two individuals' fathers were deceased, then these individuals were counted as part of separate patrilineages, even if the fathers were brothers, i.e. even if these individuals were both descendants of the deceased grandfather and viewed themselves as belonging to the same patrilineage.
Kinship is also a major organizing principle in Yanomamö society. Children with more relatives have more individuals interested in their welfare, but these children also have more competitors for limited resources. Children living with non-relatives or distant relatives have more mating opportunities than children living with close kin. Because Yanomamö marriages are frequently arranged early and often involve exchanges of resources for brides (e.g. bride service), girls in particular may benefit from increased mating opportunities. Like patrilineage sizes, calculations of relatedness (FgALL, FgCON) are village specific. The degree of relatedness between two 512 E. H. Hagen et al. individuals is the probability that they share genes by descent; it is a unitless measure that is also referred to as Wright's inbreeding coefficient (Wright, 1922) . Because it is a probability, it ranges from 0 to 1. FgALL is the sum of Wright's inbreeding coefficient between an individual and all other living persons in the village to whom he/she is related, divided by the total number of living persons to whom he/she is compared, i.e. it is the individual's average relatedness to all living people, including non-related people. A high FgALL score implies that the individual is closely related to most people in the village whereas a low FgALL score implies that he or she is distantly or not related to most people in the village. FgCON is the sum of Wright's inbreeding coefficient between an individual and all the other living persons in the village to whom he/she is related, divided by the total number of the individual's actual genealogical relatives, i.e. the individual's average relatedness to just his or her living relatives. A high FgCON score means that most of an individual's relatives are close relatives, even if they are few in number. A low FgCON score means that most of an individual's relatives are distant relatives, even if they are many in number (for further discussion and examples, see Chagnon, 1974 Chagnon, , 1979 Chagnon & Bryant, 1984; Wright, 1922) .
Analytical procedures
All descriptive statistical analyses, linear regressions and multiple regressions were performed using SPSS 9·0 for Windows 95. Skinfold thickness was normalized by a log-transformation (as noted above), residual error was found to be normally distributed, and leverage statistics revealed no obvious problems with the regression analyses.
Triceps skinfold thickness has a non-linear relationship with age. If a reference population is available, the non-linear effects of age can be subtracted out by converting to Z-scores using the reference population. Because there was no reference population for triceps skinfold thickness for the Yanomamö, only the linear component of the relationship between age and triceps skinfold thickness was controlled for. However, there is little reason to believe that social variables like family size and wife status would be confounded with the non-linear component of the relationship between age and triceps skinfold thickness. With the obvious exception of 'age of the mother's youngest child', none of the social variables had a significant linear correlation with age, and there is no reason why they should be confounded with the non-linear component of a relationship that has much to do with physiological patterns of growth. Nonetheless, the inability to control for the non-linear component of the relationship between age and triceps skinfold thickness remains a limitation of this study.
Results
Nutritional stress
To the authors' knowledge, there is no appropriate triceps skinfold thickness reference population for the Yanomamö. The triceps skinfold thicknesses of village children were therefore compared with those of a US population (Frisancho, 1990 ).
Parental investment and child health
Forty-eight per cent of the boys (10/21) fell at or below the 5th percentile for the US male group, a possible indicator of undernutrition (WHO, 1995; see Fig. 1 ). In addition, all boys fell at or below the mean of the Chachi, an Ecuadorian horticultural group of Amerindians (Eveleth & Tanner, 1990) , and 81% (17/21) were more than one standard deviation below this mean.
The mean triceps skinfold thickness for all the boys was also compared with the mean for a group of Yanomamö boys measured several years earlier in two other villages (this comparison group was also not a reference population). These earlier measurements were taken by one of the authors (Hames). The mean triceps skinfold thickness for the study site was significantly less than for the comparison group, even after controlling for differences in the age distribution (p<0·001).
Village girls, particulary pre-adolescent girls, also appeared to be suffering from undernutrition, though perhaps not as much as the boys (see Fig. 2 ). Forty-seven per cent (7/15) of the girls were at or below the 5th percentile of US girls. Eighty per cent (12/15) of the girls fell below the Chachi mean, and 60% (9/15) fell one standard deviation below the mean.
However, unlike village boys, there was no significant difference between the mean skinfold thickness of village girls, and the mean thickness for a population of Yanomamö girls measured several years earlier by Hames (p=0·59). 
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Prediction 1: Resources and production of offspring
Access to resources should be positively correlated with family size, child nutrition and child health. This prediction was tested by comparing number of offspring with garden productivity for each family. Because resident sons-in-law were usually young males providing bride service to their fathers-in-law by working in their fathers-inlaws' gardens, and would therefore often not start their own gardens, the sons-inlaws' children were counted as part of their fathers-in-laws' families when assessing the relationship between garden size and family size. Five orphaned children were taken in by their grandfather, and were counted as part of his family. All garden owners were male heads-of-household.
Consistent with Prediction 1, a linear regression analysis found that family garden productivity accounted for 31% of the variance in family size (n=23, r=0·56, p=0·006). Four of the seven family heads with no garden had alternative sources of 'income', either as practising shamans or school-teachers; two family heads were a brother of the headman and a local government official, respectively; one family head was an elderly man (age 60). When families with no garden were omitted from the analysis, garden productivity accounted for 66% of the variance in family size (n=16, r=0·81, p=0·00015; see Fig. 3 ). Tracking actual distributions of food in a community is a difficult task, and was well beyond the scope of this study. Unfortunately, it was not possible to develop a simple proxy for food income earned from shamanism or teaching. Since there was therefore no way to compare the resources of fathers with gardens to those fathers with these alternative sources of income, and because the sample size would have been too small if fathers without gardens were excluded from the study, garden productivity was not used in any subsequent analyses.
Prediction 2: Quantity versus quality
Children with fewer sibling competitors should enjoy better health and nutrition than those with more. This prediction was tested by examining the relationship between health outcomes and number of siblings. No prediction or test for an 'optimal' number of children is offered. Males and females have inherently different age-specific triceps skinfold thicknesses and were therefore compared separately in every test involving this variable.
Consistent with Prediction 2, the total number of father's offspring showed a significant negative correlation with male triceps skinfold thickness, controlling for the child's age (R 2 =0·26, F inc (1,14)=8·00, p=0.013). Controlling for age, the total number of mother's offspring was not correlated with male triceps skinfold thickness. Controlling for both age and access to paternal resources (i.e. polygyny, see below), however, the number of mother's offspring was significantly negatively correlated with male triceps skinfold thickness (R 2 =0·22, F inc (1,13)=8·67, p=0·011). The hypothesis was not upheld for females. Controlling for age, female triceps skinfold thickness was not significantly correlated with the total number of father's or mother's offspring. Controlling for access to paternal resources as well, female triceps skinfold thickness was still not significantly correlated with the number of mother's offspring, but it was positively correlated with number of father's offspring, contrary to the hypothesis (R 2 =0·19, F inc (1,11)=6·66, p=0·026).
Prediction 3: Paternal investment and child nutrition
Prediction 3 was tested by comparing children's triceps skinfold thickness with their access to paternal investment. All else being equal, children with monogamously married mothers were presumed to have greater access to paternal investment than children whose mothers are married polygynously, as has been shown for some dimensions of paternal care in time-allocation studies conducted in other Yanomamö villages (Hames, 1992 (Hames, , 1996 . All else being equal, children of monogamous mothers were therefore expected to be better nourished and have better health. Because Yanomamö mothers distribute food to children, children of senior mothers (assessed by age) were predicted to be better nourished than children of junior or divorced mothers. To test whether access to paternal resources correlated with child nutrition, each child with parents (seventeen males and fourteen females) was assigned a paternal investment score of 4 if his or her mother was married monogamously, a score of 3 if his or her mother was the senior wife by age in a polygynous marriage or the wife of a man with children by an ex-wife, and a score of 2 if his or her mother was the junior wife by age in a polygynous marriage or the divorced mother of a remarried man. Because polygynous men presumably had access to more resources than monogamous men, as was found in a previous study of other villages (Hames, 1996) , it is possible that these extra resources would 'mask' any negative impact from polygyny. Controlling for paternal access to resources would therefore increase the ability to detect any costs (or benefits) associated with polygyny. Unfortunately, it was not possible to control for paternal resources, as explained above in the section on garden productivity, reducing the sensitivity of this test. To control for the child's age and the number of mother's offspring, these variables were entered first in a multiple regression analysis, followed by the paternal investment score. In support of the prediction, male triceps skinfold thickness measurements had a significant positive correlation with access to paternal investment scores, despite not being able to control for male resources (R 2 =0·24, F inc (1,13)=9·43, p=0·009). After controlling for age and number of full siblings, female children's triceps skinfold thickness showed no significant correlation with access to paternal investment, however, contrary to the prediction.
Paternal investment may also have had a positive impact on child health. Children's skin ectoparasite load was compared with their access to paternal Parental investment and child healthinvestment. Both cases of severe infection were found in orphaned children (see Prediction 6 below). All three cases of moderate infection were found in children of junior or divorced mothers (p=0·017, exact test). Thus, all cases of moderate or severe ectoparasite infection were found in children with limited or no access to paternal investment, consistent with the prediction.
Prediction 4: Mating versus parenting effort
Controlling for the number of children, children in polygynous households should suffer poorer outcomes since fathers must provide sufficient mating effort to retain two wives. This prediction was tested by comparing children in monogamous and polygynous households. Controlling for the child's age and number of father's offspring (i.e. both full and half siblings), neither male nor female triceps skinfold thickness showed any significant correlation with the number of father's wives, contrary to the prediction. Again, it was not possible to control for paternal resources (see the discussion section for more on the different costs of polygyny for men and women).
Prediction 5: Investment in older versus younger children
Because the study site had recently experienced short-term food stress, parents (mothers in particular) were predicted to have preferentially allocated investment to infants and younger children. Children with young siblings were therefore predicted to have poorer outcomes than other children.
The age of male children was entered into a multiple regression analysis, followed by the age of their mother's youngest child (n=17). As predicted, the latter variable was significantly positively correlated with triceps skinfold thickness (R 2 =0·21, F inc (1,14)=5·70, p=0·032). After controlling for age, female children showed no significant correlation between the age of their mother's youngest child and triceps skinfold thickness, contrary to the prediction.
Prediction 6: Inclusive fitness and health
Parents should preferentially invest in biological offspring as opposed to stepchildren or other young dependents. This hypothesis was tested by examining the correlation between health outcomes and orphan status. There were five orphans in the child subject pool: four males and one female. After controlling for age, there was no significant association between orphan status and children's triceps skinfold thickness. There were, however, significant associations between orphan status and skin ectoparasite load. Forty per cent of the orphans (2/5) suffered severe infections, compared with none of the non-orphans. If orphans were included in the total child population, the rate of severe infection among children was only 5·6%, significantly less than the rate among orphans. However, because all orphans were being cared for by their maternal grandparents, these results do not support the hypothesis of kin-biased investment, but rather may indicate a constraint on the care-givers' time as opposed to food resources (see the discussion section). Unfortunately, the small 518 E. H. Hagen et al. number of orphans in the sample increases the probability that the different rates of infection, although statistically significant, are in fact an artefact of sampling error.
Prediction 7: Differential investment by sex
Evidence of differential investment in females and males was sought by comparing health outcomes by sex. Also, if different variables predicted female and male health outcomes, that would be evidence for differential investment. Direct tests of the Trivers-Willard hypothesis were not possible, however, because the pool of potential competitors for mates was much larger than the study site, because the relative wealth of parents in the village vis-à-vis parents in other villages with whom they were competing was unknown, and because there was no measure of maternal condition in any case.
With the exception of number of paternal offspring, none of the variables that predicted triceps skinfold thickness in males did so in females, suggesting that parents were investing food differently in each sex. However, the proportion and distribution of body fat stored subcutaneously appears to vary with both sex and age (Lohman, 1981) . It is therefore also possible that females had a different physiological response to variation in nutrition and parental care, and that female triceps skinfold thickness was not a sensitive indicator of this variation. Further, detection of patterns in females may not have been possible due to the small size of the sample (a Type II error).
Several post-hoc analyses were performed in an attempt to discover whether any social variables were associated with female health and nutrition. Two variables were discovered that, together, were significantly associated with female triceps skinfold thickness: patrilineage size (positively correlated), and the average degree of relatedness to village inhabitants (FgALL, negatively correlated). This multivariate model will be discussed in the next section. Skin ectoparasite load may also be associated with sex. All five cases of both moderate (n=3) and severe (n=2) penetrans infections were in males, a pattern that is not quite significant (p=0·068, exact test).
Multivariate models
Although age alone accounted for only 24% of the variance in male triceps skinfold thickness (p=0·026; Table 4 , Model 1), a multiple regression model incorporating age, the index of paternal investment discussed above, number of full sibling competitors, and age of the mother's youngest child accounted for 74% of the variance, and was highly significant (p=0·001; see Table 4 , Model 2). After excluding age from the model, the three social variables still accounted for 66% of the variance (F(3,13)=11·1, p=0·001) . Furthermore, these three variables were nearly orthogonal, each having a tolerance of 0·95 or greater. Tolerance is the proportion of variance in each independent variable not accounted for by other independent variables in the model, i.e. virtually none of the variance in each of the three independent variables was accounted for by the other two. If a more comprehensive measure of 'mouths to feed', FgCON (average degree of relatedness to consanguineal relatives), was substituted for number of sibling competitors (while still excluding age), 74% of the Table 3 , Model 4), whereas a multiple regression model incorporating age, patrilineage size and average degree of relatedness to village inhabitants (FgALL) accounted for 71% of the variance in female triceps skinfold thickness (p=0·008; see Table 3 , Model 5). These three variables were not orthogonal. Although neither patrilineage size nor FgALL was correlated with female age, they were correlated to each other, and the tolerance of each was 0·23. As noted above, however, both were required in the model to achieve significance. Neither of these variables correlated with male triceps skinfold thickness, either singly or in concert.
Discussion
This study employed four sets of data: a village genealogy, children's triceps skinfold thickness (a measure of access to food resources and parental care), children's degree of infection by sand fleas (a possible measure of access to grooming), and the size and soil quality of all gardens as reported by a resident informant. The study was conducted shortly after a reported period of food stress attributed to El Niño, a report consistent with the low levels of subcutaneous fat observed in village children, especially boys, relative to other populations (Figs 1 and 2 ). Based on triceps skinfold measurements, food and care appear to have been distributed unequally to children, and several variables were identified that illuminate the patterns of distribution. The large adjusted effect sizes and very significant p-values for many of the supported predictions indicate that Type I errors are unlikely, even with the small sample sizes (Green, 1991) . However, given the small sample sizes, the probability of Type II errors remains high for each of the unsupported predictions.
Family gardens are the major source of food for most individuals, and, as expected, garden productivity was highly correlated with family size (Fig. 3) . This correlation increased significantly when families pursuing alternative subsistence strategies (e.g. practising shamanism in exchange for food) were excluded from the analysis. Unfortunately, family garden productivity could not be used as a variable in subsequent analyses because there was no obvious way to compare garden and non-garden families' access to food, and eliminating non-garden families would have reduced the sample size to unacceptable levels. Still, a basic premise of life history theory -that parental resources should be converted into offspring -is supported by these data, as well as by data collected in other Yanomamö villages (Hames, 1996) . The degree to which garden size constrains family size cannot be assessed with the data presented here, however.
Parents of both sexes pay a price for large families. Parental investment theory predicts that parents should experience a trade-off between the quantity and quality of offspring, a trade-off experienced by village parents in the energy stores of their male children. Controlling for age, the number of paternal siblings was significantly Parental investment and child healthnegatively correlated with the triceps skinfold thickness of village boys; controlling for age and access to paternal resources, the number of maternal siblings was also significantly negatively correlated with male triceps skinfold thickness. Neither of these associations held for females, however. In fact, after controlling for age and access to paternal resources, female triceps skinfold thickness was positively correlated with the number of paternal offspring, consistent with the positive correlation also found for patrilineage size.
In addition to family size, parental investment also had an important impact on the nutrition and health of village boys. For example, the proxy measure of access to paternal investment (i.e. having a junior versus a senior versus a monogamous mother) accounted for a significant fraction of the variance in male nutrition. Controlling for the number of mother's offspring, boys whose mothers had a co-wife had less subcutaneous fat than those whose mothers did not, and those whose mothers were junior wives had less still. Ideally, this analysis should also have controlled for paternal access to resources. However, polygynous men presumably had access to more resources than monogamous men, as was found in a previous study of other villages (Hames, 1996) , so controlling for access to resources would only strengthen the relationship found here. Paternal investment had a positive impact on children's health as well. Excluding orphans, all children with notable levels of skin ectoparasites had mothers who were either junior mothers or divorced, although the low numbers of children in this category suggests that this result be viewed as tentative at best.
Interestingly, though mothers appeared to pay a price in offspring nutrition by marrying polygynously, men did not. Controlling for the number of father's offspring, number of wives had no significant correlation with either male or female triceps skinfold thickness. Thus, for example, a mother bearing a child by a man who had no other wives or children would have a better nourished child than a mother who bore a child by a man who had another wife, all else being equal. However, a man could have four children by one wife or four children by two wives, and the children would be equally well nourished. Although the number of father's children was negatively correlated with nutritional status, the number of wives was not. This result is consistent with models that view polygyny as a consequence of male choice, not female choice. Whether the negative associations between polygyny and the nutritional status of children is due to dilution of paternal investment (as hypothesized in this study), co-wife competition, the lower quality of mothers in polygynous marriages, or other reasons is an important question for future investigation. The apparent negative impact of polygyny on women also raises the possibility that female mating decisions are constrained by interests that favour higher status males.
New family members also imposed an additional cost. As has been found by others (e.g. Hawkes, O'Connell & Blurton Jones, 1997), the presence of young children had a negative impact on the nutrition of their older (and in this case male) siblings. This is expected to be especially true during periods of short-term stress because younger children are less likely to survive without sustained parental investment.
The predictive power of family variables in the above analyses strongly implies that kinship figures importantly in the distribution of food and care to children. The 522 E. H. Hagen et al. association of family size with garden productivity, the importance of paternal investment, and the impact of the number of siblings, particularly young siblings, on the nutritional status of village boys all indicate that food and care was distributed to boys primarily within rather than between families. Although the poor health status of orphans would seem to also indicate an important relationship between kinship and child health, this is not necessarily the case. All five orphans (from four recently deceased parents) were being cared for by their maternal grandparents (the orphans' mothers were siblings). The grandparents' garden productivity was commensurate with the large number of children in their care. Indeed, there was no association between triceps skinfold thickness and orphan status. Orphans did suffer dramatically higher rates of severe infection by sand fleas, however, a result that must be interpreted with caution due to the very small sample size (but which should not be dismissed either: the severe infections suffered by male orphans were extremely debilitating). Rates of infection should be a function of exposure to the parasites, susceptibility to infection and access to grooming. One attractive hypothesis is that whereas the grandparents were able to increase their food productivity in order to care for their orphaned grandchildren, they were unable to provide sufficient grooming. Time, not food, was the resource in short supply. Unfortunately, there is a potential problem with this idea. Removing sand fleas takes only a minute, and children can be quite good at it when they have access to needles. One of the severely infected orphans was asked if he was able to remove the egg sacks from his feet with a needle, and he demonstrated that he was able to do so. It is possible that orphans did not have ready access to needles. It is also possible that removing sand fleas on a daily basis is not as easy as this brief experiment suggests. Other anthropologists who work in Amazonian societies regard sand flea removal as difficult, viewing it as a minor surgical procedure that can be difficult to master, especially for children who only have access to thorns (Magdalena Hurtado, personal communication).
When an informant was asked why some children suffered so badly from sand fleas, he replied that they spent more time with the village dogs (and therefore had increased exposure to fleas). It is also possible that the afflicted boys did not have regular use of a hammock, an expensive item, and had to sleep on the ground. Nevertheless, parents are constantly grooming their children, and some orphans may have suffered from a lack of parental investment. The poor health of some orphans requires further investigation.
Finally, the strong association between family variables and nutrition for boys but not for girls is possible evidence of differential investment by sex. None of the variables that predicted triceps skinfold thickness in boys did so for girls. Were girls doing better or worse? This is difficult to determine from the data, but it appears that girls, particularly adolescent girls, may have been getting slightly more food and care. Three girls but no boys fell above the mean for Chachi triceps skinfold thickness, and two of the three were adolescents. One adolescent girl was substantially above the US median for females, though no boys were above the US median for males, and only 60% of the girls as opposed to 81% of the boys were more than one standard deviation below the Chachi mean. Also, although not quite a significant correlation, every child with either moderate or severe infections of skin ectoparasites was male.
Parental investment and child health
Still, there was no compelling evidence for superior, as opposed to different, investment in either sex, and it is possible that the differences found were due to physiological differences, not differences in parental investment. It is also possible that female nutritional variation was associated with the same variables as male nutrition, but it was not possible to detect these effects due to the small size of the sample.
Post-hoc analyses identified two variables that correlated with female nutrition, variables that illuminate the possible differential investment in females and males. Together, both patrilineage size and the average degree of relatedness to all village inhabitants accounted for a significant fraction of the variance in female triceps skinfold thickness above and beyond that accounted for by age alone. Patrilineage size was positively correlated (as was a similar variable 'number of paternal offspring'), whereas average degree of relatedness was negatively correlated. Neither of these variables was correlated with male skinfold thickness. Marriage of females is an important factor in the formation of alliances among Yanomamö patrilineages. The data presented here are intriguing, though circumstantial, evidence that large patrilineages may have been investing surplus food in marriageable females, or that families wishing to establish and maintain alliances with large patrilineages were providing extra food to their marriageable women. Females with more potential mates, that is, with fewer consanguineal relatives in the village, may have been receiving additional investment as well. (FgCON, average degree of relatedness to consanguineal relatives, was correlated with male but not female skinfold thickness. It is possible to have a large FgCON score even if one has few relatives, if those relatives are close rather than distant relatives. By contrast, it is impossible to have a large FgALL score -a correlate of female nutrition -without being related to a substantial fraction of village inhabitants.)
The primary limitations of the present study are its cross-sectional nature, small sample sizes and indirect proxies for parental investment that may be confounded by other variables like infectious disease. The low sample sizes in particular limit the possibility of rejecting hypotheses. Desired sample size is a function of the desired alpha (typically 0·05), power (typically 0·80) and desired effect size (typically 'medium', i.e. R 2 =0·13, or 'large', i.e. R 2 =0·26). Because the effect sizes in the best models are very large, even after adjusting for the number of independent variables (e.g. Adj. R 2 =0·74), and the significance levels are well below the standard alpha of 0·05 (e.g. p<0·001 in some cases), the probability that the effects found are due to random error is low (Green, 1991) . However, the study had little power to detect moderate or small effects, and the probability of Type II errors remains high. Further, the small sample sizes also increase the probability that the data were 'overfitted', and that the results may not generalize well to other populations, or even to this population at future points in time.
Finally, although the models are based on the assumption that children are suffering due to a dilution of parental investment, either from large families, infants in the family or the presence of co-wives, this study did little to illuminate the possible causal mechanisms and family dynamics that would result in differential nutritional status. For example, the negative impact of polygyny on boys may have been due to the direct effects of co-wife competition, as suggested by, for example, Strassmann 524 E. H. Hagen et al. (1997) , rather than a dilution of paternal investment. Alternative explanations for the effects found remain a real possibility.
Conclusions
Simple measures have revealed interesting patterns of food allocations to children in a village that had recently experienced food stress. For boys, these patterns are largely accounted for by three social variables: number of siblings, age of the mother's youngest child, whether the mother has a co-wife, and, if so, whether the mother is the junior or senior wife, with the best model accounting for 74% of the variance in skinfold thickness. These results accord well with parental investment theory (and common sense). Parents experiencing resource stress face a trade-off between quantity and quality, and between investing in younger versus older offspring. In addition, boys with access to more paternal investment (i.e. those in monogamous households) are better nourished and have better health than those with less access. The impact of these trade-offs on the parents' inclusive fitness is not known. Interestingly, these variables did not account for any of the variance in female nutrition. The association of female nutritional status with the size of her patrilineage and the number of non-relatives in the village (variables that accounted for 26% of the variance in female triceps skinfold thickness) suggests that lineage politics may play a role in female nutrition, although this suggestion is quite speculative.
The apparent lack of any relationship between orphan status and triceps skinfold thickness is also interesting, especially in light of the fact that orphans suffered very high rates of infections by skin fleas. There is no clear explanation for this high rate of infection, but given the large number of orphans being cared for by only two grandparents, time may have been the resource in short supply.
